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The application of organic thin film transistors (OTFTs) has been progressing in the area of sensors 
for decades now. For accomplishing gas sensing in ambient conditions, polymers with good air 
stability and high enough mobility to detect environmental variations by analytes exposure are 
required for the OTFT-sensors. In this work, putrescine (PUT) was selected as our primary analyte, as 
it has high volatility and can be emitted by decayed food products. OTFT-based sensors were made 
with various polymers as semiconductors to detect PUT vapor. 
Based on the preliminary study of gas sensing with bottom-gate, bottom-contact (BGBC) OTFTs, a 
gas sensing system was established with OTFT-sensors, an analyte injection platform and a signal 
analyzing system, which is presented in Chapter 3. Before and after gas detection, all OTFT devices 
were characterized by their charge carrier mobility, threshold voltage and current on/off ratio in the 
glovebox and in air. Additional tests on polymer films were conducted by morphology and 
crystallinity tests with AFM and XRD. Chapter 4 and Chapter 5 show the screening of polymers as 
the semiconductor in OTFT sensors. P-type polymers and n-type polymers including commercially 
available ones and those synthesized by our group were employed in OTFT-sensors. P3HT and 
N2200 as typical p-type and n-type representatives have succeeded in the detection of PUT vapor as 
OTFT sensors. In addition, p-type polymers with FTPDO, DPP, indigo and bithiazole cores, n-type 
polymers with IBDF building block also showed sensing ability towards PUT vapor as OTFT 
sensors. Chapter 5 especially focuses on a series of 1,4-DPP polymers that exhibited high transistor 
performance as well as good air stability. As main factors that determine the performance of a sensor, 
operational temperature, stability, response and recovery time, sensitivity and selectivity of these 
DPP-polymer sensors showed very promising potential in PUT vapor detection. Food spoilage 
detection was realized with three types of DPP-sensors to detect vapors emitted by food samples. 
Mechanism of DPP-sensors to detect PUT vapor was studied by responses of the sensor, IV 
characteristics of the device, and morphology/crystallinity of the polymer. Combined with chemical 
properties of DPP-polymers and putrescine molecules, it was proposed that the trapping effect of lone 
pairs of electrons on putrescine molecules would cause the responses of DPP-OTFT sensors. Mobility 
dropping, drain-source current decrease and negative shift of VTH were observed with DPP-sensors by 
this trapping effect with the diffused PUT in the active channel.  
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Future steps are expected based on this study. Better sensing ability can be achieved with the 
improvement on both transistors quality and polymers properties. More accurate relationships 
between sensors responses and PUT vapor concentrations can be built by optimizing gas sensing 
process. Spoilage detection of food products with OTFT sensors can be improved for more precise 
analysis with assistance of liquid chromatography (LC) and gas chromatography (GC). The ultimate 
goal of this study is to manufacture smart labels or tags with OTFT-sensors to attach on food 
packages, by connecting to smartphones or computers, fulfilling a real-time, in-situ detection of PUT 
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1.1 Organic Electronics 
Organic electronics deal with materials that are carbon-based small molecules or polymers, as 
opposed to inorganic electronics which use silicon or metal as conductors. Electronics with organic 
semiconductors have been developed at a fast pace in the past ten years, from laboratory studies to 
industrial applications[1]–[6]. Organic devices including organic light emitting diodes (OLEDs)[7], 
[8], organic field-effect transistors (OFETs)/organic thin-film transistors (OTFTs)[9], [10] and 
organic photovoltaics (OPVs)[11], [12] have shown great promise for light-weighted, portable and 
flexible devices applications. Some of them were successfully made into smart cards/labels/tags, 
sensors, and display pixel drivers[13]–[17]. By 2017, there were more than 3,000 
companies/organizations pursuing printed, organic, flexible electronics, including printing, 
electronics, materials and packaging companies. The total market value for organic electronics is 
expected to grow from $29.28 billion to $73.43 billion from 2017 to 2027[18]. Among all, OLEDs 
(organic but not printed) take the major part over 60% (Figure 1-1), while sensors around 26%. The 
other applications including conductive inks, batteries, logic and memory show a relatively steady 
growth from 2017 to 2019 in market share (Figure 1-2) [18].  
 




Figure 1-2 Market forecast by component type in US$ billions from 2017 to 2019. (IDTechEx) 
Materials that are used in organic electronics can be produced by efficient processes including 
printing, coating and evaporating. Thin-film organic layers can be deposited on large-area substrates 
with polymers of good solubility by inkjet printing, spin-coating, screen printing, etc.[19]–[22]. The 
applications with such organic electronics exhibited great promise in the market of wearable devices, 
rollable displays and large-area displays. Such products as structural electronics, stretchable sensors, 
conductive inks, stretchable transparent conductive films, flexible/stretchable printed circuit boards, 
in-mold electronics, wearable technologies, and electronic textiles have been highly discussed in 
conferences, studied by over 20 institutions, and made into commercial products by more than 60 




Figure 1-3 Ten-year market projections split by materials/components. (IDTechEx) 
1.2 Organic Thin Film Transistors 
Thin-film transistors (TFTs) as a concept was presented by Paul Weimer in 1962[24] who found 
inspiration from the mechanism study of semiconducting materials[25] and surface states study[26]. 
With further researches on organic materials[27], [28], organic thin-film transistor gained attention in 
1980s as an ideal device to efficiently characterize organic semiconductors[29]–[32]. Great progress 
and improvement have been achieved with OTFTs study more recently[33]–[41]. Compared to their 
traditional inorganic counterparts, OTFTs use a wide range of organic semiconductors which are 
either small molecules or polymers that can be deposited at lower temperature, therefore the energy 
consumption through manufacturing could be lower[30], [42], [43].  
OTFTs can give multiple parameters such as current on-off ratio (ION/OFF), threshold voltage (VTH), 
subthreshold voltage (VS), charge carrier mobility (μ), contact resistance (RC), etc. Among all, charge 
carrier mobility (μ), which represents the charge transport velocity of holes or electrons across the 
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active channel of the transistor, remains the focus[44]. In the early stages of transistors study, carrier 
mobility of OTFTs could just reach ~10-4 cm2 V-1 s-1. Through decades of efforts in OTFTs study, 
many materials were presented with comparable or even higher mobility from 0.5 to 1 cm2 V-1 s-1 
compared with that in amorphous silicon. Moreover, much higher mobility over 10 cm2 V-1 s-1 was 
realized with OTFTs in the past 20 years[45]–[55]. Significant developments have been achieved for 
p-type OTFTs[56], n-type OTFTs[57], [58] and ambipolar OTFTs[59], [60].  
Several applications with OTFTs as basic electronics have been realized into integrated circuits, 
physical/chemical sensors (such as humidity sensor[61], [62] and ammonia sensor[63], [64]) and 
biological sensors (such as DNA sensor[65]–[67]). A Germany company called Plastic Logic has 
manufactured and successfully industrialized a flexible electrophoretic ink display based on organic 
thin-film transistors[68]. From small-molecule OTFTs, for example, with pentacene (a commercial 
representative p-type material[69]) as the semiconductor to sense humidity[62], to polymer 
OTFTs[37], OTFT based devices have showed promising potential for commercialization in many 
applications including optical displays, wearable microelectronics, radio frequency identification tags 
(RFIDs), flexible memories and sensors[70]–[76].  
1.3 Objectives and Scope of Work 
1.3.1 Objectives 
This study was focused on the application of organic thin-film transistors as gas sensors (OTFT-
sensors) to detect putrescine vapor. The objective of this study is to realize PUT vapor detection with 
OTFT-sensors to sense PUT from food spoilage. The following tasks were expected for this research: 
1. To design the OTFT-based sensors for PUT detection and to build a gas sensing system with 
standard procedures of gas dilution and injection to test OTFT-sensors in ambient conditions. 
2. To screen polymers among p-type and n-type materials with good air stability in OTFTs and 
apply them in PUT vapor detection. 
3. To form a comprehensive evaluation system for OTFT-based gas sensors with respect to 
operational temperature, stability, sensitivity, selectivity, response time and recovery time. 
4. To examine the capability of spoilage detection using the OTFT-sensors which present good 
performance with the aforementioned evaluation. 
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1.3.2 Scope of Work 
Prior to gas sensing with OTFT-sensors, more than 30 polymers of p-type and n-type were selected as 
candidates for PUT vapor detection. Transistors fabrication and preparation procedure have been 
improved to enhance their performance and achieve a better sensing ability towards PUT vapor. 
Devices with two sizes were used to compare their influence on transistor performance as well as 
electrical signal amplification while under gaseous analyte exposure. A gas dilution process has been 
established to prepare specific concentrations of the analyte. Gas detection was carried out by 
operating OTFT sensors in air, then injecting certain concentration of the analyte above the active 
channel area. Oxygen and humidity were put into study as influential factors for gas sensing. An 
evaluation system was built up with respect to operational temperature, stability, sensitivity, 
selectivity, response time and recovery. PUT vapor detection tests were carried out with polymers 
candidates. Food spoilage detection was conducted with a series of DPP-sensors. This thesis was 
organized with the following sections:  
Chapter 1 gives a brief introduction of organic electronics and OTFTs. Chapter 2 presents the 
explanation of OTFTs for their operation principles, and physics of the semiconductors that can be 
used in OTFT-based sensors. Sensors based on OTFT devices are briefly introduced, which leads to 
OTFT gas sensors and why we chose putrescine as the main analyte. In Chapter 3, more detailed 
design of PUT OTFT-sensor are presented. Gas detection system is fully described. In addition, the 
characterization and evaluation of PUT-sensors are covered. Chapter 4 shows the screening of 
polymers as gas sensing candidates and their characteristics. Chapter 5 presents an outstanding class 
of polymers with DPP building block, that exhibited ideal stability, good sensitivity, selectivity, quick 
response, reproducibility and proper recovery ability in PUT vapor detection, and fulfilled spoilage 






2.1 Physics and Operational Principles of OTFTs 
2.1.1 Organic Semiconductors and OTFTs 
As key component of an OTFT, the organic semiconductor (OSC) plays a main role of transistors 
operation, and determines the mobility of the device. The organic semiconductors used in OTFTs are 
usually π-conjugated small molecules or polymers.  
For an atom, its electrons distribute with their wave functions on different orbitals: s, p, d, f…(as 
angular momentum quantum number l equals to 0, 1, 2, 3…). S-orbitals are spherical shaped orbitals 
which have larger radius with increasing principal quantum numbers (n) (Figure 2-1). P-orbitals 
contain three directions of “dumbbell” shaped orbitals: px, py and pz. Each p orbital has zero electron 
density in the middle, which is known as nodal plane (Figure 2-1). Hybrid orbitals with σ-bond and π-
bond can be formed by overlapping of different orbitals. A conjugated system contains alternating 
single bonds and multiple bonds with connections of p orbitals and delocalized electrons. In 
conjugated structures, single bond is σ-bond, and double bond is made up with a σ-bond and a π-
bond. Such structures can be formed in chain-shape or ring-shape (Figure 2-2).  
 
 




Figure 2-2 Diagram of conjugation systems: a) chain-shape conjugated structure; b) ring-shape 
conjugated structure[77]. 
Sigma bonds (σ-bond) are the strongest covalent bonds formed by head-to-head orbitals 
overlapping. In common, σ-bond can be formed by s-s, pz-pz, s-pz, dz2-dz2…(as shown in Figure 2-
3). Pi bonds (π bonds) are covalent bonds formed by overlapping two lobes of each pz orbital for each 
atom, which are relatively far from the nucleus (Figure 2-4). 
   
Figure 2-3 Different types of sigma bonds[78]. 
 
Figure 2-4 Formation of pi-bond[79]. 
Hybridization theory was first presented by Linus Pauling in 1931, to theoretically calculate the 
energy formation and other characteristics of simple molecules. With this theory Pauling proposed the 
explanation for the structure of methane, which possesses four bonds with equal strength that formed 
109.5° angled tetrahedral bonds. By hybridization of the s orbital and p orbitals, four equivalent 
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bonds were formed to connect four hydrogen atoms with the central carbon. Such composition in 
methane molecules was denoted by sp3 hybridization (Figure 2-5), which can be recognized with each 
bond holding 25% s orbital and 75% p orbital[80]. The other two types of hybridization are sp2 and sp 
hybridization. Valence Shell Electron Pair Repulsion (VSEPR) theory predicted that electronic bonds 
and lone pairs were apart from each other with the largest angles due to repulsive force. In 
aforementioned methane structure, sp3 bond angle is ~109°, whereas for sp2 bonding, the separated 
angle is 120°, which gives a trigonal geometry. Sp2 hybridization is formed by one s-orbital and two p 
orbitals hybridizing, which produces a σ-bond and a π-bond. Each sp2 orbital consists of 33% s orbital 
and 67% p orbital. Two pz lobes and their nodal planes align with each other, and are perpendicular to 
sp2 orbital plane, which diminishes the repulsion among electrons and increases the level of 
overlapping (Figure 2-6). Sp hybridization is formed with 50% s orbital and 50% p orbital. Take 
ethyne as an example, each carbon atom holds two sp hybrid bonds with 1s orbital from hydrogen (s-
sp orbital overlap) and 2p orbital from another carbon (sp-sp orbital overlap). The other two p-orbitals 
form two π bonds along with the C-C σ-bond, which results in the bond angle of 180°, giving a linear 
shape (Figure 2-7). 
 





Figure 2-6 Formation of sp2 hybridization. 
 
Figure 2-7 Formation of sp hybridization (up). Orbital structure of ethyne (down). 
According to the molecular orbital (MO) theory, which was explained quantitatively in 1929 by 
professor J.E. Lennard Jones, molecular orbitals form bonding by linear combinations of atomic 
orbitals (LCAO)[81]. These bonding orbitals include bonding, anti-bonding and non-bonding orbitals. 
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Based on Pauli exclusion principle, any electrons in an atom would never have the same four 
quantum numbers. Therefore, by separating orbitals with lower and higher energy, there are bonding 
orbitals with concentrated electron density to attract nuclei and anti-bonding orbitals which contain 
weaker density from repelling electrons. The anti-bonding orbitals regarding the previously 
mentioned two covalent bonds sigma bonds (σ-bond) and pi bonds (π bonds) are denoted as σ* anti-
bonds and π* anti-bonds (Figure 2-8). Multiple bonding and anti-bonding orbitals to overlap would 
produce a valence band filled with electrons (also called the highest occupied molecular orbital, 
HOMO) and a conduction band filling with high energy anti-bonding orbitals (also known as the 
lowest unoccupied molecular orbital, LUMO).  
 
Figure 2-8 Diagram of π orbital and π* orbital. 
Italian-American physicist Enrico Fermi presented Fermi–Dirac statistics to describe the possibility 
of electrons distribution using thermodynamic equilibrium:  
𝑓𝑓(𝐸𝐸) =
1
1 + 𝑒𝑒(𝐸𝐸−𝜇𝜇) 𝑘𝑘𝐵𝐵𝑇𝑇⁄
 
                                         2-1 
Where E is the energy of the single-particle state, and μ is the total chemical potential. kB is 
Boltzmann's constant and T is the temperature [82]. 
This leads to the energy level EF (Fermi-level), when E = μ, the probability of the state to be occupied 
being 50%. In energy band diagrams, Fermi-level is plotted at zero-energy level. For metals and 
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degenerate semiconductors, Fermi-level lies inside their energy bands. Whereas for an intrinsic 
semiconductor, Fermi-level is situated between conduction band and valence band with equal 
distance (Figure 2-9). The energy difference between the HOMO and LUMO is called energy band 
gap (EG) (Figure 2-10), and the energy from the edge of the valence band to vacuum is called 
ionization potential (IP). 
 
Figure 2-9 Fermi-level positions in different materials[83]. 
 
Figure 2-10 Energy band diagram of a semiconductor[84]. 
Conductivity can be generated by electrons moving across the band gap from valence band to 
conduction band. For intrinsic semiconductors, they are usually with quite wide energy band gaps that 
is hard for electrons to flow from the valence band to the conductive band[83]. Conductive polymers 
used in electronic applications on the other hand, require narrow band gaps to achieve better 
conductivity. Consequently, doping was presented with oxidation (p-type doping) and reduction (n-
type doping) by chemical/electro-chemical methods to enhance the conductivity of the 
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semiconductors. In addition, by merging p-type and n-type materials together, p-n junction could be 
formed at the interfacial area of two materials (Figure 2-11). Negative charges from n-type material 
diffuse into the p-type region near their interface, while positive charges from p-type material go 
contrarily to the other side. All left opposite charges together with traveled charges from the other 
side then form a “space charge region” (also known as depletion region). This interact is usually used 
to fabricate diodes and transistors[85], [86].  
 
Figure 2-11 Illustration of p-n junction. 
In OTFTs, charge transport is realized with applied bias to bend the energy level of the 
semiconductor by charge injection. Compared with metal-oxide semiconductor field-effect transistors 
(MOSFETs), an OTFT needs the injected charge carriers to accumulate to generate current flow. For 
a p-type semiconductor, holes are injected from source contact by applying negative VDS. Under a 
negative bias, holes accumulate within the electric field in the active channel layer, the HOMO level 
of the OSC then bending up towards Fermi level. With those injected holes, delocalized state starts to 
become localized by polarons hopping through the conjugated structure inside the OSC. Therefore, 
the active channel becomes positively charged. Similar phenomenon happens for n-type 
semiconductors, except that electrons are injected from source at positive VDS, LUMO level of the n-
OSC then bending downwards (Figure 2-12). There had been well developed theories for explaining 
charge transport in the OSCs, and couple models (such as MTR and VRH Model) characterizing 
charge transport phenomena mostly in the latest 20th century[87]–[92], which would not be extended 





Figure 2-12 A diagram of semiconductor-contact energy band changes at zero bias and under 
accumulation mode. 
To achieve charge transport in OTFTs, VDS and VGS are required as driving forces to generate 
current. By increasing VDS, potential builds up across the channel from source to drain. With enough 
gate bias, accumulated charges could flow from source to drain. Scheme 2-1 shows the charge 
carriers flowing through the active layer with applied VDS and VGS. By giving a VGS larger than VTH, 
current flowing through the channel increases linearly with a growing VDS when VDS < VGS-VTH. 
When VDS = VGS-VTH, the channel pinches off, therefore current gets saturated. Such properties can 
be illustrated in the output curve from the IV characterization of the transistors, which will be 




Scheme 2-1 Scheme of charges accumulation and flowing inside different types of OTFTs[93]. 
2.1.2 Operational Principles of OTFTs 
A typical structure of OTFT device contains layers of materials, usually including an insulating 
substrate, a dielectric layer, a thin layer of organic semiconductor, a gate electrode (G) and source (S), 
drain (D) electrodes as contacts. There are commonly four types of structures for single-gate OTFT 
devices (Figure 2-13): a) bottom-gate, top-contact (BGTC), b) bottom-gate, bottom-contact (BGBC), 
c) top-gate, top-contact (TGTC), d) top-gate, bottom-contact (TGBC). The contact electrodes (source 
and drain) introduce charges into the semiconducting layer by injecting and extracting carriers. Gate 
electrode, which is placed apart from the semiconductor layer and attached to dielectric layer, could 
control the channel conductivity with applied VGS. The principal operation of organic thin-film 
transistors is similar to which of MOSFETs[94]. In OTFTs, charge carriers are injected and 
accumulated. Energy levels of the semiconductor start to bend, then current flow could be generated. 
Whereas for MOSFETs, p-n junction forms first then charge carriers flow through as current with the 
applied bias. The current flow in an OTFT device is like in MOSFETs, controlled by the given 
voltages. By applying a gate bias (VGS) and a suitable source-drain potential (VDS), layers of charge 
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carriers are accumulated near the interface of semiconductor layer and dielectric layer. IDS then could 
be generated in the active channel layer. 
 
 
Figure 2-13 Configurations of four types of single-gate OTFTs structures: a) bottom-gate, top-
contact (BGTC), b) bottom-gate, bottom-contact (BGBC), c) top-gate, top-contact (TGTC), d) top-
gate, bottom-contact (TGBC). 
Depending on the position of contacts with respect to the semiconductor layer, there are top contact 
and bottom contact configurations for OTFTs. Between these two structures, top-contact ones usually 
show a better performance on account of lower contact resistance (RC) that caused by morphological 
disorders around the interfacial area of contact-semiconductor surface. Owing to a larger charge 
injection area (interface between metal electrode and the active layer), OTFTs with top-contact 
structures could gain a more efficient charge injection from source electrode[95]. In addition, there 
are fewer traps and contact barriers in grain boundaries with top-contact devices[96]. Besides, the 
lower mobility region formed near the electrode would cause a larger sub-threshold slope for bottom-
contact devices, which further leads to an increase of trap density at contact-semiconductor interface. 
Although it has been proved that mobility of a bottom-contact OTFT can be 1~2 orders of magnitude 
lower than that of a top-contact device[97]–[99], the bottom-contact structure still holds preference to 
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be used in laboratories due to its cost effectiveness and simple fabrication[100]–[102]. In this study, 
bottom-gate, bottom-contact (BGBC) structure was used for all OTFT sensors fabrication.  
For the ideal case of OTFT operation, current generated at low source-drain voltage would be 
proportional to the VDS, following Ohm’s law. The relationship among IDS, VDS and VGS would be 
effected by the scale of the channel (channel width and length), dielectric material and field-effect 
mobility of the OSC. By following the conventional compact model of MOSFETs, their relationships 
















(𝑉𝑉𝐺𝐺𝑆𝑆 − 𝑉𝑉𝑇𝑇𝑇𝑇)2 
2-3 
Where μ is the mobility. Ci is the dielectric constant calculated by capacitance per unit area. W is the 
width of the channel, and L is the length of the channel. 
















(𝑉𝑉𝐺𝐺𝑆𝑆 − 𝑉𝑉𝑇𝑇𝑇𝑇) 
2-5 
Where gm is the transconductance of the OSC. 
As the mostly used characterization method of OTFT devices, IV characterization contains two 
operation modes: output mode (Figure 2-14-a) and transfer mode (Figure 2-14-b). Representative 
parameters of an OTFT could be extracted out of the saturated region in the transfer characteristics as 




Figure 2-14 a) Output characteristics and b) Transfer characteristics of a P3HT OTFT (p-type) (left) 
and an NDI-polymer OTFT (n-type) that we tested in PUT sensing (right). 
2.2 Sensors Based on OTFTs 
The ideal properties such as low-cost, easy fabrication and multi-parameter measurement of OTFTs 
make them good candidates as sensors. With breakthroughs in OTFTs study, not only the theoretic 
achievements but also in industrial technologies, great progress was made for OTFTs on sensors 
area[103], [104]. Inorganic transistor based sensors with metal-based oxides have been highly studied 
for years, which showed good stability as well as desirable sensitivity. However, as an essential 
parameter to evaluate sensor performance, operating temperature of the metal-based sensors usually 
ranges from 150°C to 400°C, which leads to higher energy consumption, operational limits and even 
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framework collapse[105]. While for organic transistors as sensors, gas detection could be conducted 
at room temperature. In addition to the advantage of lower operational temperatures, organic TFT-
sensors also show a better compatibility with biologically active substances over the inorganic 
sensors. Such sensors with bio-compatible organic semiconductors could detect immunoglobulins, 
saccharides, biogenic amines, small anionic species, neurotransmitters, etc.[72], [106]–[108] Besides 
transistors, chemiresistors are used as sensors as well. Although the structure and operation of an 
OTFT are more complex than the organic chemiresistor, with the accumulated charge layer induced 
by the additional electrode (gate) in OTFTs, thinner polymer layers can be used in OTFTs. Such thin 
layers in OTFTs could present higher sensitivity over the organic-chemiresistor sensors[109]. In 
addition, with the gate electrode OTFT based sensors could produce a lower SNR thus gain lower 
limit of detection. Compared with single parameter produced by chemiresistors, OTFTs present 
multiple parameters that allow profound applications with gas exposure and promise a better 
selectivity over chemiresistors[110]. As a big challenge for using organic semiconductors in 
transistors, air stability of the OTFTs are not usually as good as inorganic transistors. While for 
sensors application, this defect with OTFTs can actually be taken advantage of for achieving very 
high sensitivity. Some strategies could also be used to improve the air stability of OSCs as sensors by 
modification of the OSC or structural engineering of the device[111]. Sensing mechanism between 
different stimuli and OTFT-sensors with different OSCs has been studied with interactions (such as 
hydrogen bonding, charge transfer, hydrophobic interactions, dipole–dipole interactions, etc.[109]) 
occurring at different places inside the sensor (semiconductor surface, semiconductor/insulator 
interface, dielectric layer, etc.[37], [109]) and electrical changes within the OFETs by doping/de-
doping, trapping or physical swelling[112]. 
There have been several reviews on OTFT-based sensors in the past five years which reviewed the 
progress of OTFTs for physical/chemical/biological sensing and strategies for improving OTFT-
based sensors performance[14], [37], [104], [109], [111], [113], [114]. With OTFTs to detect gaseous 
analytes, multiple parameters can be used to evaluate sensitivity of the sensor by different 
operations[115]–[117]. Such gas sensors based on OTFTs with different active semiconductors[118]–
[120] have been presented with good sensitivity to detect NH3, NO2, NO, H2S, etc.[121]–[125]  
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2.3 Putrescine OTFT-Sensors 
2.3.1 Why Putrescine  
In cell proliferation and organism growth, putrescine (also known as butane-1,4-diamine or 1,4-
diaminobutane) (Figure 2-15) plays a vital role as intermediate of polyamine metabolism[126]. As an 
important biogenic amine, putrescine could be produced by bacteria in fish, meat, even vegetables 
and fruits. In the acute toxicity test with rats, putrescine (PUT) showed an acute oral toxicity with 
2,000 mg/kg in bodyweight[127]. The food regulations in different countries set specific limits of 
PUT in food products. In mainland China, PUT limitation in food is restricted under 2,000 
mg/kg[128]. The U.S. government sets the limitation of PUT in fish and meat within 50 mg/kg. Table 
1 shows the maximum limits of putrescine in some food products in different countries[129]. In food 
industry, PUT detection is based on laborious analysis with bulky equipment, which is expensive and 
time consuming. Most researchers studied the detection of PUT in aqueous solution assisted with 
UV/HPLC/GC, etc.[130]–[134], which need pre-treatment and buffer preparation. Recently, Ying et 
al. had realized a visualized PUT detection using molecular imprinting chromogenic hydrogel(MIP-
CH) technology with a complicated sample treatment and relatively high-cost procedures[135]. 




Figure 2-15 Structure of putrescine. 
Table 1 Maximum limits of putrescine in some food products in different countries [129]. 
Food Product 
Maximum limit of PUT 
(mg kg-1) 
Country 
Semi-skimmed Milk 0.2 UK 
Rice 0.3 Japan 
Boiled eggs 0.4 UK 
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Strawberry 1.2 Japan 
Jam 1.3 UK 
Raw chicken 2.9 UK 
Pork (raw, lean) 3.9 UK 
Beef (raw, lean) 19 UK 
Pear 24.2 UK 
Pistachio 27.6 Japan 
Raw fish (cod) 29.7 UK 
Corn 74 Japan 
Green pepper 84 Japan 
Green peas, frozen 107 Czech R 
Tomato 122 UK 
Orange 153 Norway 
Ketchup 165 Czech R 
Soy sauce 514 Taiwan 
 
Based on Raoult’s Law, for ideal mixture of liquids, each component holding its partial vapor 
pressure equals to the product of vapour pressure of the pure solute and its mole fraction in 
solution[136]. Which can be presented by: 
𝑃𝑃𝑖𝑖 = 𝑃𝑃𝑖𝑖∗𝑥𝑥𝑖𝑖 
2-6 
where Pi is the partial vapor pressure of the PUT in water solution. Pi* is the vapor pressure of PUT at 
25°C (2.33mmHg), and xi is the mole fraction of PUT in water solution[137]. 
The PUT vapor concentrations could be calculated accordingly[138] as our references (Table 2) based 
on standard limitations listed above by equation: 
𝑐𝑐𝑃𝑃𝑃𝑃𝑇𝑇(𝑣𝑣 𝑣𝑣⁄ ) = 𝑃𝑃𝑖𝑖 𝑃𝑃𝑎𝑎𝑖𝑖𝑎𝑎⁄  
2-7 
where Pair is the atmosphere pressure. 
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Table 2 Corresponding concentrations of PUT in vapor phase to concentrations in water solution. 
PUT concentration (mg kg-1) PUT vapor concentration (ppm) 
0.2 0.13 
1 0.63 





29.7 (Raw fish) 18.62 
50 31.35 
100 62.71 
107 (Green peas) 67.10 
514 322.33 
2.3.2 PUT OTFT Sensors 
For OTFT-based sensors, the biggest challenge is to find or design semiconductors with proper 
stability and good sensitivity towards the analyte. Certain common material such as P3HT has been 
used as ammonia sensors which showed promising sensitivity[139]–[141]. Currently, there have been 
many groups who made great progress using OTFTs as ammonia sensors with different 
semiconductors[36], [63], [64], [139], [142]–[147], yet only one extended to PUT sensing[148]. Yang 
et al. reported an ammonia detector with OTFT-based sensors using DPP-polymers as the 
semiconductor in 2016[148]. PUT vapor with 10ppm concentration was introduced as one of 
comparison analytes and showed a response at the same level as NH3 (with the same concentration) 
exposure. To achieve putrescine sensing with OTFT devices, several challenges should be overcome 
to achieve stable detection with high sensitivity. Details in manufacturing and analytical processing of 





PUT OTFT-Sensors Design 
3.1 Principles of Gas Sensors Based on OTFTs 
3.1.1 Challenges in OTFTs Sensing 
As the key component in an OTFT, the organic semiconductor holds the crucial properties as well as 
the dominant impact in the application of gas sensing. Organic materials can be easily doped by 
dopants in air, such as oxygen, CO2 and humidity. Thus, the operation of OTFT-sensors in ambient 
conditions requires good air stability for the semiconductors. Through decades of effort, the 
researchers have found many p- and n-type materials with good air stability[149]–[152]. To ensure 
operational stability of the OTFT-sensors, bias stress, contact resistance, hysteresis behavior and 
threshold voltage shift need to be considered[153]–[155]. Several factors may influence the 
operational stability of an OTFT-sensor, including inside traps within the semiconductor, dipoles or 
outflow of charges at the interface of semiconductor-insulator, and polarization of the insulator. 
Therefore, to serve as a good gas sensor, OTFT devices need to be made with stable/appropriate 
materials for semiconductors, contact electrodes and insulators[155]–[157].  
The evaluation of a sensor contains five aspects, which are operation temperature, sensitivity, 
selectivity, response and recovery time[105]. Aside from overcoming the instability problem with 
OTFTs, suitable semiconductors for targeting particular analytes are required to achieve gas detection 
with quick response, good sensitivity and selectivity. For detecting certain gaseous analyte, polymers 
screening is needed to identify the ones with ideal properties regarding the abovesaid aspects in 
sensing. 
3.1.2 Principles of PUT OTFT-Sensors  
In this study, PUT sensing was realized with BGBC-OTFTs that coated with a thin layer of solution 
processible polymers. Gas sensing of putrescine vapor with certain concentration was achieved by 
injecting the analyte above the channel area (Scheme 3-1). IDS vs. Time was used as real-time 
detection measurement for gas sensing. In addition, IV characteristics of the sensors were recorded 




Scheme 3-1 Scheme of gas sensing process using a BGBC OTFT. 
Stability of the OTFT-sensors was evaluated by μ and VTH changing along glovebox/air storage, 
combined with IDS vs. Time measurement. Current signals with large level of noise indicated the 
instability of relative polymers as sensing material. On the contrary, sensors with smooth current 
curves represented a good stability. In addition, initial IDS was compared after times of operation in 
air. 
Response of the sensors with different polymers was observed by signal changes in IDS vs. Time 
measurement. The time between stimulus injected and 90% of signal changing reached the largest 
extent is the response time of the sensor. In our study, the average response time of the sensor was 
calculated.  
Recovery of the sensor was tested by comparing their IV characteristics as well as IDS values after 
PUT exposure. Ideal OTFT-sensors for gas detection should have a short recovery time after analyte 
introduction, which usually in the IDS vs. Time measurement shows as signal recovering to the 
original value, if the current could get saturated before gas exposure (mostly for stable n-type 
polymers). However, for p-type polymers, which make up the majority of polymers with good air 
stability, their current need a long time to be saturated in ambient conditions (1~2 hours). Our test of 
gas detection with p-type polymers was carried out along its current decreasing period. The recovery 
of the sensor exhibited as decreasing rate of IDS returning to its original pattern. Several methods were 
used for recovering sensors, such as evacuation, reheating in inert gases, etc.  
Sensitivity of different OTFT-sensors was evaluated by current relative responses. The limits of 
detection for different OTFT sensors were evaluated with signal to noise ratio (SNR) as the 
concentration of PUT vapor when SNR=3[158], [159].  
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Selectivity of the sensors was evaluated by changing the analyte (acetone, chloroform, toluene, 
ethanol and mixture of stimuli), and comparing the relative responses of the sensor towards different 
stimuli with the response caused by the same concentration of PUT vapor.  
3.2 Sensors Fabrication and Gas Sensing System 
3.2.1 Device Fabrication 
All devices were made with SiO2/n++-doped Si wafers produced by Silicon Quest International Inc. 
Cleaning procedure was performed for each silicon wafer by sonication and rinsing with acetone 
(Act/ACTN), isopropyl alcohol (IPA) and deionized (DI) water for 10min consecutively, followed 
with nitrogen drying out. Negative photoresist “AZ nLOF 2035” was used to spin coating on the 
wafer with a 2-step procedure that consisted of a 10s spinning at 500rpm and a 1-min spinning at 
3,000rpm. Soft bake was carried out after spin-coating at 100°C for 3.5min before photolithography. 
For sensors application, BGBC OTFTs were used with two types of devices (Figure 3-1). The large 
devices have the width of the channel of 15,800μm, and length of the channel of 30μm, the small 
devices holding the dimension of the channel with W = 1,000μm, L = 30μm. Two masks of relative 
device types were used with mask aligner for photolithography. Subsequently, patterned wafers were 
moved on the hot plate for hard baking at 120°C for 60s. AZ 726 developer was used then for 
developing by submerging wafers for 60s, followed by rinsing with DI water. Electrodes of the 
devices made with gold (Au) were coated with thickness of ~3nm by a thermal evaporator. 
 
Figure 3-1 (Up) Two types of BGBG OTFTs for gas sensing: large on (left) and small one (right), 
and (down) their amplified channel areas (for the large OTFT, the black part in its amplified channel 
picture is the metal channel).  
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Transistors preparation for polymer coating was started by sonicating with acetone and IPA for 
20min respectively. Followed with IPA rinsing and 2-min of airflow plasma cleaning, the residues on 
the wafers could be removed more thoroughly. Additional cleaning procedure was carried out by 
soaking the transistors in the ethanol (ETOH) and chloroform (CHL) for an hour respectively. To 
form a self-assembled monolayer (SAM) on the electrodes (Au), octane thiol (ODT) was used in 10 
mM ethanol solution to submerge transistors for 1 hour. After rinsing with ethanol and DI water, 
dried transistors then accessed acid treatment process with diluted acid mixture soaking for a minute. 
Before the final modification step, TFTs were rinsed with DI water then dried out on the hot plate for 
5min. In order to form the SAM on the dielectric layer, dodecyltrichlorosilane (DDTS) was used in 
toluene solution by submersing transistors for 20min. After rinsing with toluene and drying with 
nitrogen, the transistors then could be ready for spin-coating with different polymers.  
Polymers were made into 5 mg/mL solutions in chloroform (or chlorobenzene) to be casted on the 
transistor at 3,000rpm for 60s. To gain a thinner or thicker layer of the polymer, polymer solutions 
would be made with different concentrations of solution, besides using higher/lower rate of spinning 
speed. OTFT-sensors were finally made by annealing at different temperatures for 30min inside the 
glovebox.  
3.2.2 Operation of PUT-Sensors 
All PUT-sensors were operated in the glovebox and in air for characterization. IV characterization 
was carried out with a source measure unit (SMU) by measuring output and transfer characteristics 
with Quick IV Keysight B2900A Version 4.1. Threshold voltage, charge carrier mobility and ION/OFF 
were recorded for each sensor before and after gas sensing. Gas sensing process was realized by 
operating IDS vs. Time measurement with |VDS| = |VGS| = 100V in air. After each time of gas exposure, 
the sensor was put back to the glovebox for recovery. Long-term air stability of the OTFT-sensors 
was evaluated with the transistors kept in air. 
3.2.3 Gas Sensing System 
We built a gas sensing system with a probe station, gas introducing platform, a source measure unit 
(SMU) and a computer as shown below (Scheme 3-2). For gas detection, IDS vs. Time measurement 
was carried out. At ~25s, 6mL of the allotted analyte vapor would be injected above the channel area 




Scheme 3-2 Scheme of OTFT gas sensing system. 
Gas dilution: The diluted analyte gas was prepared by air dilution. The saturated concentration of 
PUT vapor is 4,300ppm (v/v)[160]. A 500mL one-neck flask was used after strong air flow blowing 
thoroughly over 20s, then it was sealed with a rubber plug tightly. For instance, to prepare a 4.3ppm 
(v/v) PUT vapor, 0.5mL air inside the flask was taken out with a clean syringe, followed with 0.5mL 
saturated PUT vapor injected into the flask. Then by shaking the flask for over 20s, PUT vapor 
analyte could be made into a 4.3ppm PUT sample.  
Gas introduction: Gas introduction was realized by syringe injection in open air. For each 
concentration of PUT vapor, a new syringe was used to inject the analyte. For each time of gas 
injection, the tip of the syringe was hold at the same altitude with same distance ~1cm from the 
device channel area. Gas injection was completed with the same injecting rate for each testing. 
3.3 Characterization 
Electrical properties of the OTFT-sensors were characterized with the Agilent B2912A 
Semiconductor Analyzer. Output and transfer characteristics were measured with Quick IV. Mobility 




Atomic force microscopy (AFM) was used to analyze morphology of the polymer layer on the 
sensors with a scanning probe microscope (Dimension 3100). AFM image was visualized with 
Gwyddion 2.49. 
Reflection X-ray diffraction (XRD) was used with a Bruker D8 Advance diffractometer with Cu 
Kα radiation (λ = 0.15406 nm) to investigate the crystallography of the OTFT-sensors.  
3.4 Evaluation 
Sensitivity of the OTFT-sensors was evaluated by relative responses. The limits of detection for 
different OTFT sensors were evaluated with signal to noise ratio (SNR) as the concentration of PUT 
vapor when SNR=3[158], [159].  Relative response of the sensor was calculated for p-type polymers 
with the following equations:  










Where T2 was the time when current reaching 90% of the current change to the largest extent cause 
by analyte introduction. T1 was the the time when analyte was injected. 𝑇𝑇1 − 𝑇𝑇0 = 𝑇𝑇2 − 𝑇𝑇1 . 





Where current value zero was taken by the largest saturation current value for the p-type polymer 
OTFTs. 
𝑅𝑅𝑒𝑒𝑁𝑁𝑁𝑁𝑟𝑟𝑁𝑁𝑣𝑣𝑒𝑒 𝑅𝑅𝑒𝑒𝑔𝑔𝑅𝑅𝑁𝑁𝑟𝑟𝑔𝑔𝑒𝑒(%) =  




For n-type polymers, IDS got saturated after a short time being turned on (for which 𝐼𝐼𝐷𝐷𝑆𝑆(𝑇𝑇1) =
𝐼𝐼𝐷𝐷𝑆𝑆(𝑇𝑇0)). The relative response was calculated for them as following: 
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𝑅𝑅𝑒𝑒𝑁𝑁𝑁𝑁𝑟𝑟𝑁𝑁𝑣𝑣𝑒𝑒 𝑅𝑅𝑒𝑒𝑔𝑔𝑅𝑅𝑁𝑁𝑟𝑟𝑔𝑔𝑒𝑒(%) =  




For both p-type and n-type polymers, SNR was calculated as: 
𝑆𝑆𝑁𝑁𝑅𝑅 =
𝐼𝐼𝐷𝐷𝑆𝑆(𝑇𝑇2) − 𝐼𝐼𝐷𝐷𝑆𝑆(𝑇𝑇1)
𝐴𝐴𝑣𝑣𝑒𝑒𝑁𝑁𝑁𝑁𝑔𝑔𝑒𝑒 𝑐𝑐𝑉𝑉𝑁𝑁𝑁𝑁𝑒𝑒𝑟𝑟𝑟𝑟 𝑁𝑁𝑁𝑁𝑔𝑔𝑟𝑟𝑉𝑉𝑁𝑁𝑑𝑑𝑁𝑁𝑟𝑟𝑐𝑐𝑒𝑒 
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Stability of the OTFT-sensors was evaluated by μ and VTH changing along glovebox/air storage, 
combined with IDS vs. Time measurement.  
Response of the sensors with different polymers was observed by signal changes in IDS vs. Time 
measurement. The response time of the sensor was calculated as the time between stimulus injected 
and 90% of signal changing reached the largest extent. 
Recovery of the sensor was tested by comparing their IV characteristics as well as IDS values after 
PUT exposure.  
Selectivity of the sensors was evaluated by changing the analyte (acetone, chloroform, toluene, 
ethanol and mixture of stimuli), and comparing the relative responses of the sensor towards different 
stimuli with the response caused by the same concentration of PUT vapor. 
3.5 Conclusion 
To achieve PUT vapor detection, wafers of transistors were fabricated with standard procedures in 
ultraclean environment. Preparation and modification of OTFTs were carried out with same 
procedures for all sensors. A gas sensing system was established based on the operational principles 
of the PUT-sensors. Gaseous analyte preparation and introduction procedures were standardized to 
minimize the operational errors. Characterization of the sensors was set up with IV characterization, 
IDS vs. Time measurement, AFM and XRD tests. The evaluation of the OTFT-sensors was presented 




Screening of The Sensing Polymers 
4.1 Polymer Candidates for PUT Detection 
As mentioned above, PUT vapor sensing with OTFTs required polymers with good stability as well 
as proper sensitivity towards PUT. Mobility of the polymers usually drops when operating in air, on 
account of the p-doping effect by oxygen. To diminish this influence, p-type polymers with a deeper 
HOMO level would be more desirable for gas sensing in air. In addition, to lower the contact 
resistance, work function of the source/drain electrode metal should be close to the HOMO level for 
p-type polymers and the LUMO level for n-type semiconductors. P-type and n-type polymers with 
different backbones were tested in this research. In addition, polymers based on the same building 
block with different donor moieties or side chains were also compared for PUT vapor sensing.  
4.1.1 P-Type Semiconductors 
There were mainly five types of p-type polymers that we employed in the application of putrescine 
vapor detection, including the commercially available representative P3HT. We selected a fluorene-
fused triphenodioxazine (FTPDO) polymer, bithiazole (Tz) polymers, indigo-based (ID) polymers 
and diketopyrrolopyrrole (DPP) polymers (Figure 4-1) as candidates to investigate their potential to 
sense PUT vapor based on OTFT-sensors. IV characteristics for them were tested before using as 
PUT sensors. Potentials of PUT detection for these polymers were estimated by their air stability and 





Figure 4-1 Structures of p-type polymers that we used in PUT sensors. 
Table 3 HOMO/LUMO levels of representative p-type semiconductors. 
Polymer EHOMO (eV) ELUMO (eV) Ref. 
P3HT -5.10 -3.20 [161] 
PFTPDO-BT -5.61 -3.95 [162] 
PTzDBT-BT -5.75 -3.88 - 
P(1,3-)DPPDBT-BT -5.40 -3.48 [163] 
PID-BT -5.78 -4.02 [164] 
 
In the history of OTFT study and application, poly(3-hexylthiophene) (P3HT) has been one of the 
most widely used semiconductors since it was first applied in an OFET in 1986[31]. With decades of 
study, P3HT now has become a stable p-type polymer with relatively ideal performance in OTFTs. 
We utilized a commercial grade P3HT as the starting material in an OTFT-sensor to detect PUT. IV 
characteristics of the P3HT sensor were shown in Appendix A. PUT vapor sensing was conducted 
with large (W = 15,800μm, L = 30μm) and small (W = 1,000μm, L = 30μm) P3HT sensors, among 
which the large ones succeeded in producing repeatable PUT detections with acceptable signal noise 







Figure 4-2 Large P3HT-sensors to detect PUT vapor for the 1st time (left) and the 2nd time (right). 
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PUT vapor sensing with P3HT sensor was evaluated by relative response and SNR (Figure 4-4), 
which indicated a detection limit of 12.9ppm at SNR=3. 
 
Figure 4-3 Relative response and SNR with P3HT-sensor upon PUT vapor exposure. 
The annealing temperature for P3HT sensors was at 60°C, instead of 150°C when the sensor 
presented the highest mobility in air. PUT vapor showed an affinity with amorphous P3HT film 
compared with the highly crystalline film. P3HT sensor annealed at 150°C exhibited no sensitivity 
upon even the highest concentration of PUT exposure. As showed in their AFM images (Figure 4-5), 
P3HT annealed at the higher temperature owned a smoother and denser film than the one with the 
lower annealing temperature. This phenomenon indicated that the different geometry of P3HT layers 
would influence the diffusion of PUT into the P3HT layer and further effect the sensitivity. 
 
Figure 4-4 AFM images of P3HT-sensors annealed at 60°C (left) and150°C (right). 
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Another polymer with good air stability based on a fluorene-fused benzo[5,6][1,4] oxazino[2,3-
b]phenoxazine (FTPDO) moiety with bithiophene (BT) unit (denoted as PFTPDO-BT) was used as 
sensing material in PUT-sensors. Chloroform and chlorobenzene were used as solvent to prepare 5 
mg/mL solutions of PFTPDO-BT for spin-coating, between which the film coated with chloroform 
solution showed a better performance in OTFT characterization (see Appendix A). Spin-coating 
speed was changed from 3,000rpm to 5,000rpm to gain thinner layers. It showed that with 4,000rpm 
the PFTPDO-BT sensor exhibited the best stability in air as well as highest sensitivity towards PUT 
vapor. To investigate the effect of environmental conditions, PFTPDO-BT OTFTs were tested in 
different conditions as comparison (Table 4). It demonstrated that the sensor operating in ambient 
conditions could give the best performance. 






VTH (Ave) VTH (Min) 
PFTPDO-
BT 
Ambient 0.0150 0.0204 -41.26 -38.98 
Dry Air 0.0128 0.0166 -42.84 -39.35 
Moist Air 0.0118 0.0129 -44.93 -38.57 
Dry N2 0.0112 0.0141 -45.68 -41.93 
Moist N2 0.0079 0.0098 -47.21 -42.68 
 
Gas sensing was carried out with PFTPDO-BT sensors using IDS vs. Time measurement and 
transfer curves upon different concentrations of PUT vapor exposure. PUT vapor sensing using 
PFTPDO-BT as active semiconductor provided a similar response regularity as P3HT-sensor with an 
abrupt increasing towards higher concentrations of PUT vapor (Figure 4-5). With transfer 
characterization, the IDS change between the ones with gas exposure and the ones with no interference 
showed obvious difference (Figure 4-6). Mobility of the sensor dropped with the increasing 
concentration of PUT vapor exposure, while VTH showed a steady decline with greater degree 
compared with operations without PUT exposure (Figure 4-7). Recovery ability of PFTPDO-BT 
sensors showed a higher efficiency when exposing upon lower concentrations of PUT exposure 




Figure 4-5 Relative response with PFTPDO-BT as sensing material in OTFT-sensor. 
  
Figure 4-6 Transfer characteristics of PFTPDO-BT sensor upon different concentrations of PUT 




Figure 4-7 Mobility and VTH changing for two PFTPDO-BT sensors upon PUT exposure (black) and 
without PUT exposure (red) with multiple operations. 
 
Figure 4-8 Mobility change for PFTPDO-BT sensor towards lower range of concentrations of PUT 
vapor. 
Long-term air stability of PFTPDO-BT sensors were evaluated by storing the sensors in air for a 






Table 5 OTFT Performance of PFTPDO-BT sensors through a month of storage in air. 
Time 
Ave Mobility 







Original 0.01496 0 41.26 0 
5-day 0.00840 43.86 51.75 25.41 
10-day 0.00186 87.39 61.99 50.24 
1-month 0.00086 94.19 64.93 61.84 
 
1,3-DPP polymers with thiophene unit and furan unit (PDPPDBT-BT and PDPPDBF-BT), along 
with indigo polymer (PID-BT, PIDG-T, PIDG-BT) were also used as sensing materials to 
manufacture p-type OTFT-sensors. However, these polymers showed either poor stability or nearly 
non sensitivity towards the analyte PUT vapor. PIDG-BT was found with potential as sensing 
material in aqueous solutions with a water-gate OTFT structure, while for using as gas sensor it 
showed poor sensitivity towards PUT vapor (see Appendix A). For detailed characteristics of these 
polymers, see Appendix A. 
Bithiazole (Tz) polymers with thiophene (T) and dialkoxybenzodithiophene (BDT) (PTzDBT-T, 
PTzDBT-BT, PTzDBT-BTBDT) served as sensing materials in PUT-sensors as well. An exceptional 
case was PTzDBT-BT sensor with an abnormally high sensitivity, which could detect PUT vapor 
with very low concentrations (Figure 4-9). Whereas for PTzDBT-T and PTzDBT-BTBDT, PUT 
detection ability was not observed. However, OTFT sensors with PTzDBT-BT as active channel 
layers showed a poor selectivity with this super sensitivity, which responded even towards small 




Figure 4-9 PUT vapor detection with the PTzDBT-BT sensor. 
 
Figure 4-10 Disturbance on the PTzDBT-BT sensor with different injected gases (at 40s, 6mL). 
In addition, as a type of p-type polymers with good air stability, a series of 1,4-DPP polymers were 
employed in PUT-sensors that showed excellent potential. The detailed investigation of 1,4-DPP 
polymer sensors will be presented in Chapter 5. 
4.1.2 N-Type Semiconductors 
N-type semiconductors were selected among NDI/NDIO, IBDF/IBDP, IDTO and PzDP polymers 
(Figure 4-11). Energy levels of the representative ones are listed below (Table 6). Unlike p-type 
polymers, n-type polymers would usually become unstable in air. In this case, screening n-type 
polymers with good air stability was the first concern regarding PUT detection. As the typical 
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commercially available polymer with acceptable air stability, poly(N,N’-bis-2-
octyldodecylnaphtalene-1,4,5,8-bis-dicarboximide-2,6-diyl-alt-5,5−2,2-bithiophene) (P(NDI2OD-T2) 





Figure 4-11 Structures of n-type polymers that we used in PUT sensors. 
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Table 6 HOMO/LUMO levels of representative n-type semiconductors. 
Polymer EHOMO (eV) ELUMO (eV) Ref. 
N2200 -5.36 -3.91 [165] 
PNDIO2OD-T -5.97 -3.96 [166] 
PIBDF-BT-37 -5.72 -3.87 [167] 
PIBDP-BT -5.60 -3.71 [168] 
PIDTO-BT -5.78 -4.09 [169] 
PPzDPDP-BT -5.59 -4.31 [170] 
Naphthalenediimide /dialkoxynaphthalenediimide (NDI/NDIO) polymers including N2200, 
PNDIO2OD-T and PNDIO2OD-BT were employed into OTFT-sensors for PUT vapor detection. 
Compared with N2200, the NDIO polymers exhibited less stability in ambient conditions and poorer 
sensitivity(Figure 4-12), although the mobility of PNDIO2OD-BT was comparable with which of 
N2200 (Table 7). Supplementary OTFT properties and stability of PNDIO2OD-T sensors are 
presented in Appendix A. 
  
Figure 4-12 PUT vapor sensing towards the highest concentration, with PNDIO2OD-T (left) and 
PNDIO2OD-BT (right) sensors. 
Table 7 OTFT properties of N2200, PNDIO2OD-T and PNDIO2OD-BT sensors in air. 
Polymer 
Electron Mobility 







N2200 0.0017(0.0045) 44.04(8.85) 
PNDIO2OD-T 0.00083(0.00098) 50.01(24.33) 
PNDIO2OD-BT 0.0011(0.0012) 40.14(37.94) 
 
N2200, on the other hand, showed good air stability with an increasing response upon a rising 
concentration of PUT vapor exposure (Figure 4-13). Sensitivity of N2200-sensor was evaluated by 
relative response and SNR (Figure 4-14). However, its PUT detection limit just arrived at around 
240ppm at SNR=3. Compared with P3HT and PFTPDO-BT sensors, the sensitivity of N2200 OTFT-
sensors was much lower, the reason for its poorer sensitivity towards PUT is still under study. The 




Figure 4-13 PUT vapor sensing with N2200-sensors in air at VDS=VGS=100V. 
 
Figure 4-14 Relative response and SNR with N2200-sensors upon PUT vapor exposure. 
Another set of n-type polymers which were presented by our group in 2013 and 2015 with acceptor 
building blocks: (3E,7E)-3,7-bis(2-oxoindolin-3-ylidene)benzo-[1,2-b:4,5-b’]difuran-2,6(3H,7H)-
dione (IBDF)[171] and (3E,7E)-3,7-bis(2-oxoindolin-3-ylidene)-5,7-dihydropyrrolo[2,3-f]indole-
2,6(1H,3H)-dione (IBDP)[168], were used in PUT-sensors to detect PUT vapor. IV characterization 
for these polymers are summarized in Appendix A. Air stability for IBDF and IBDP polymers was 
much poorer than N2200. Sensitivity with PIBDF-BT (IBDF-P4) was found much lower than N2200-




Figure 4-15 Gas sensing towards PUT vapor with PIBDF-BT sensor. 
Besides the above-mentioned polymers, thiophene-S,S-dioxidized indophenine (IDTO) and 
dipyrrolo[2,3-b:20,30-e]pyrazine-2,6(1H,5H)-dione (PzDP) polymers were also tested for their 
potential in PUT vapor detection. However, the air stability as well as the sensitivity of them towards 
PUT vapor were found unsatisfactory. The IV characterization for these polymers are presented in 
Appendix A.  
4.2 Conclusion 
Polymer screening has been conducted among p-type and n-type polymers with different building 
blocks. As representatives of commercially available polymers, P3HT and N2200 both showed 
potential as PUT vapor sensors with air stability/operational stability, sensitivity and reproducibility. 
In addition, a better candidate with comparable stability and reproducibility was found with 
PFTPDO-BT as sensing semiconductor. A higher sensitivity as well as better recovery ability were 
achieved with this sensor. A series of polymers with good stability were found as more promising 






DPP-Based Polymers in PUT-Sensors 
5.1 DPP-Polymers as Sensing Material 
1,4-diketopyrrolo[3,4-c]-pyrrole also known as diketopyrrolopyrrole (DPP) as an electron acceptor 
building block for D-A polymers has been studied for over a decade[56], [172], [173]. By changing 
different donor moieties, p-type, n-type and ambipolar polymers can be synthesized with various 
HOMO/LUMO levels. DPP-based p-type polymers as semiconductors in OTFT devices, have 
exhibited good air stability with relatively high mobility, which indicates great potential in gas 
sensing[174]–[176].  
A series of DPP-polymers with 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione 
(DBT) and thiophene units (Figure 5-1) synthesized by our group were selected as semiconductors in 
PUT-sensors. These polymers exhibited relatively high mobility, along with air stability at similar 
levels. With the same side chain, DPP-polymer with a longer electron donating moiety showed an 
increasing p-type property with a higher HOMO level (Table 8). Gas sensing towards PUT vapor 
based on these DPP-polymers has been carried out in ambient conditions. All five DPP-polymers 
showed promising sensitivity to detect putrescine vapor with different detection limits. PUT vapor 
detection with DPP-sensors was evaluated via operational temperature (all succeeded in operating at 
room temperature), stability, sensitivity, response and recovery time and selectivity. In addition, 
reproducibility and repeatability were realized with the DPP-polymer sensors. Real-time detection of 
PUT vapor was conducted by operating sensors with IDS vs. Time measurement (at VDS = VGS = -
100V). Furthermore, spoilage detection using DPP-sensors was achieved with food samples stored at 





Figure 5-1 Structures of 1,4-DPP polymers applied in PUT sensors. 
Table 8 HOMO/LUMO levels of employed DPP-polymers. 
Polymer EHOMO (eV) ELUMO (eV) Ref. 
PDBT -5.40 -4.20 [177] 
PDPP-T -5.30 -4.00 [178] 
PDQT-20 -5.29 -3.96 [179] 
PDQT-26 -5.33 -4.03 [179] 
PDPP-DTT -5.19 -3.80 [180] 
5.2 PUT Detection with DPP-OTFT Sensors 
5.2.1 Stability 
All five DPP-polymers were tested for their OTFT performance in the glovebox and in air. Except for 
PDBT, OTFTs with PDPP-T, PDQTs and PDPP-DTT all exhibited comparable mobility over 10-1 
cm2 V-1 s-1 on average. Among them PDPP-T devices showed a bit lower mobility than PDQTs and 
PDPP-DTT devices. IV characteristics of DPP-polymer OTFTs with various manufacturing methods 
and under different conditions are showed in Appendix A. Stability of the DPP-sensors were 
evaluated over time by devices performance changes via mobility and VTH. For PDQTs, devices with 
the abovementioned two sizes (large: W = 15,800μm, L = 30μm; small: W = 1,000μm, L = 30μm) 
were used to compare their air stability for PDQT-20 and PDQT-26. It showed that small devices 
were more stable than large ones when kept in air (see Appendix A). However, the noise level with 
small devices was larger than that with the large ones. And the signal intensity with the small devices 
was by ~10 times weaker than the large devices (see Appendix A). 
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OTFT-sensors with PDQT-20 and PDPP-DTT as semiconductors were stored after PUT vapor 
exposure in the glovebox for 3 weeks then in air for 3 weeks. Their IV characteristics were recorded 
throughout the time (Figure 5-2). Compared with transistors performance in the glovebox, putting 
DPP-OTFTs in air resulted in mobility increasing and a positive shift of VTH. 
 
Figure 5-2 Mobility and VTH changes for PDQT-20 and PDPP-DTT sensors stored in argon and air. 
 Durability of the applied potential was tested with PDQT-20 devices before gas sensing with IDS 
vs. time measurement with VDS and VGS set from 30V to 200V. It showed that below 200V, PDQT-20 
OTFTs could all be operated steadily. While for lower applied voltage, larger level of signal noise 
was observed (see Appendix A). With IDS vs. Time measurement on PUT sensing, PDPP-T, PDQT-
20, PDQT-26 and PDPP-DTT-sensors showed a similar tendency of current dropping under ambient 
conditions (Figure 5-3). PDQT-20 sensors were tested for operational stability by initial IDS change 




Figure 5-3 IDS vs. Time measurement for PDPP-T, PDQT-20, PDQT-26 and PDPP-DTT sensors. 
 
Figure 5-4 Initial IDS change of a PDQT-20 sensor by times of operations. 
5.2.2 Response and Recovery 
Real-time detection of PUT vapor has been realized by all DPP-OTFT sensors with a variation of 
responding. For DPP-sensors detecting PUT vapor under similar conditions in air, instant responses 
with IDS were observed with analyte injection (Figure 5-5). Response time for all DPP-based OTFT-
sensors towards all concentrations of PUT vapor exposure was calculated as lower than 2 seconds on 





Figure 5-5 Gas sensing measurement with DPP-sensors towards 30ppm PUT vapor. 
 
Figure 5-6 Average response time for DPP-polymer sensors. 
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After IDS responding to the maximum extent upon analyte injection, it went back to the previous 
decreasing trend before stimuli exposure. Unlike the instantaneous recovery with n-type polymer-
sensors, p-type sensors exhibited a relatively slower recovery with gaseous analyte exposure. 
Different recovery methods were used as comparison for recovering DPP-sensors. PUT vapor 
exposure towards all DPP-sensors would always cause a decrease of the current. After putting back to 
the glovebox and reheating for 10min, the current of the sensor would recover to some extent (Figure 
5-7). However, simplified recovery process can be used by setting the OTFT-sensors in air without 
operation. Although such recovering method required certain time for the sensor to fully recovered 
(Figure 5-8).  
 






Figure 5-8 Recovery of the PDQT-20 sensor by putting in air with increased time. 
Sensors based on DPP-polymers showed good ability of recovery after PUT exposure by putting in 
air with time allowance. But by heating the sensor in air at the same temperature as in the glovebox, it 
resulted in a further deterioration of the sensor (Figure 5-9).  
 
Figure 5-9 Recovery method with reheating in air for a PDQT-20 sensor. 
5.2.3 Sensitivity 
Sensitivity of the DPP-sensors was evaluated by RR and SNR. Except for PDBT-sensor(Figure 5-10), 
which showed much lower sensitivity as well as poorer stability compared with the other three, all 
other DPP polymer OTFT-sensors exhibited good sensitivity towards the PUT vapor with similar 










Figure 5-11 Sensitivity of DPP-polymer sensors with PDPP-T, PDQT-20 and PDPP-DTT. 
Detection limits for DPP-polymer sensors arrived at ppm level on average with multiple times of 
PUT vapor detection. Yet lower detection limits were reached by several transistors with higher 
quality (better wafer quality, spin-coating in the glovebox, etc.), which presented sub-ppm level or 
even ppb level of detection limit towards PUT vapor. DPP-sensors detection which achieved this 





Figure 5-12 Exceedingly high sensitivity of PUT vapor sensing with PDPP-T and PDQT-20 sensors. 
5.2.4 Selectivity 
As our final expectation for the application of OTFT-sensors is to realize in-situ detection of PUT 
vapor within food spoilage. A critical task for allowing actual gas sensing with food products will be 
distinguishing the aimed analyte PUT from the other gaseous analytes that might be emitted by 
decayed foods[181]–[183]. Thus, selectivity of the OTFT-sensors was evaluated by changing the 
stimulus. Four common analytes were chosen as interferent to expose upon DPP-sensors, including 
acetone, toluene, ethanol and chloroform (Figure 5-13). Their lethal dose and health limitations were 
enlisted below (Table 9). Same gas sensing methods were carried out with these four analytes using 
DPP-sensors. The concentrations of the disturbing analytes were set as 73ppm, which was the average 




Figure 5-13 Structures of four non-amine analytes. 
Table 9 Safety standard/limits for other analytes. 
Analyte LD50/LDL1 US health exposure limits FDA2 Limit 
Acetone 621 mg/kg (Human) PEL3: 1,000 ppm (NIOSH)4 5 to 8 mg/L 
Toluene 636 mg/kg (Rat) 
PEL: TWA5 200 ppm C6 500 ppm 







PEL: 1,000 ppm (NIOSH) 3,000 ppm 
Chloroform 
1250 mg/kg (Rats, 
oral) 




(1. LD50/LDL: Lethal Dose/Lowest Publish Lethal Dose. 2. FDA: U.S. Food and Drug 
Administration. 3. PEL: Permissible Exposure Limit. 4. NIOSH: National Institute for Occupational 
Safety and Health. 5. TWA: Time Weighted Average. 6. C: Ceiling. 7. STEL: Short Term Exposure 
Limit.) 
With 73ppm allotted stimuli vapor exposure, the DPP-polymer OTFT-sensors showed nearly non 
response with PDPP-T, PDQT-20 and PDPP-DTT sensors under the same conditions. Only PDPP-
DTT sensor responded with slight signal change upon 73ppm TOL vapor exposure (Figure 5-14). 
Nevertheless, the responses towards all four interferent analytes with DPP-sensors were neglectable 













Figure 5-15 Gas detection responses towards (73ppm) different analytes with DPP-sensors. 
Mixture of analytes (ACTN, ETOH, CHL and TOL) was prepared with 73ppm to expose to DPP-
sensors in addition to single analyte detection. Mixture with the same concentration of all 5 analytes 
including PUT was also made as contrast. Detailed gas sensing responses with DPP-sensors are 
presented in Appendix A. It showed only slight responses with DPP-sensors when exposing towards 
the mixture without PUT. But fully saturated responses were observed towards the mixture with PUT 




Figure 5-16 DPP-sensors detection on analytes mixture with/without PUT. 
5.2.5 Food Samples Detection 
DPP-sensors were applied in the spoilage detection of food samples. Two groups of peas (0.6 g), fish 
(1 g) and chicken (1 g) were prepared in the sample vials to be stored at RT and in the fridge (5°C), 
respectively (Figure 5-17). PDPP-T, PDQT-20 and PDPP-DTT were employed as sensing materials 
in OTFTs to detect spoilage in the food samples. The gas sensing tests were carried out after the food 
samples being stored for 24hrs and 3 days. All the DPP-sensors gave responses towards the food 
samples with comparable percentages for the first test (1-day), which showed small difference 
between the RT stored foods and 5°C stored ones. However, after 3 days of storage, sensors gave 
much higher responses when detecting meat samples stored at RT (Figure 5-18). If considering the 
emitted vapor was all PUT, then based on the relative responses given by 3 DPP-sensors (PDPP-T, 
PDQT-20 and PDPP-DTT) in Figure 5-11, the PUT vapor concentrations emitted by the individual 




Figure 5-17 Food samples with same amount stored at RT (left) and in the fridge (right). 
 
Figure 5-18 3 types of DPP-sensors to detect peas (P), fish (F) and chicken (C) emitted vapors with 




Figure 5-19 Calculated PUT concentrations with 3 types of DPP-sensors (if considering all the 
emitted vapors were PUT) from peas, fish and chicken sample-vapors with storage time of 1-day (1) 
and 3-day (3). 
Such results indicated that with a short-time storage, food samples with either vegetable or meat 
would emit spoilage vapor at very similar levels, especially when being kept at RT. But with a longer 
storage time, meat samples would go rotten much faster than pea-samples. If considering all the 
emitted vapor was PUT, then with the regulated limit of PUT in peas (Table 2), those peas samples 
kept at RT for 3 days would still be safe to eat. But with fish samples and chicken samples, their 
regulated limits of PUT were much lower than that of peas. The emitted spoilage vapor from these 
two types of food samples were calculated with a higher concentration when kept at RT, comparing 
with the emitted vapor concentration from pea-samples. This response with our DPP-sensors agreed 
with the common sense for food storage, that raw meat should be taken within a short-time after 
being purchased to avoid safety concern. 
5.2.6 Mechanism Study 
In the PUT vapor exposure tests, all DPP-polymer OTFT sensors responded with IDS dropping, which 
indicated that the charges flow at the semiconductor/insulator interface was reduced by the diffused 
stimulus. Since there are lone pairs of electrons on putrescine molecules, and all sensors showed a 
mobility dropping and negative shift of VTH after PUT exposure. It demonstrated that PUT vapor 
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exposure caused a trapping effect on the active channel. Such phenomenon of VTH shifting towards 
negative direction upon increasing concentrations of gas analyte with the introduced electron lone 
pairs was also observed in the case of sensing ammonia with P3HT devices[184]–[186]. It has been 
proved that the in the stimuli could cause de-doping of the oxidant in air within the semiconductor 
film[184]. And lone pair of electrons could act as a dopant to covert p-type or ambipolar materials 
into n-type, which was proven by our group in 2015[187]. Compared with the mobility value gained 
in the glovebox, DPP-sensors showed an increased mobility in air, and a decrease of mobility 
encountering with PUT. VTH increased when putting in air, then shifted negatively with PUT vapor 
exposure. These similar responses among our OTFT gas sensors then could be related to a great 
extent with the trapping effect caused by lone pair of electrons. On the other hand, the presence of 
thiophene group could also be effected by electron lone pairs and causes IDS to decrease, which was 
presented with P3HT-based ammonia sensors by Tiwari et al. and Yang et al.[184], [188]. The 
maximum responding concentration of PUT vapor for DPP-sensors was around 73ppm. By exposing 
73ppm PUT vapor to the sensors, threshold voltages of DPP-polymer devices have all showed a 






     
Figure 5-20 Transfer characteristics of DPP-sensors before and after exposure with 73ppm PUT 
vapor. 
Charge carrier density change of the device by introducing PUT vapor upon the sensor showed a 







11.6 𝑟𝑟𝐹𝐹/𝑐𝑐𝑁𝑁2(−100𝑉𝑉 − 𝑉𝑉𝑇𝑇𝑇𝑇)
1.602 × 10−19𝐶𝐶
=




For the PDPP-T sensor, 𝑉𝑉𝑇𝑇𝑇𝑇_𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏 = 16.13𝑉𝑉. 𝑉𝑉𝑇𝑇𝑇𝑇_𝑎𝑎𝑏𝑏𝑎𝑎𝑏𝑏𝑎𝑎 = −13.66𝑉𝑉. 𝑁𝑁𝑆𝑆𝑏𝑏𝑛𝑛𝑏𝑏𝑆𝑆𝑛𝑛𝑛𝑛 − 𝑁𝑁𝑆𝑆𝑛𝑛𝑏𝑏𝑆𝑆𝑛𝑛𝑛𝑛 =
2.16 × 1012𝑐𝑐𝑁𝑁−2. 
For the PDQT-20 sensor, 𝑉𝑉𝑇𝑇𝑇𝑇_𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏 = 22.96𝑉𝑉. 𝑉𝑉𝑇𝑇𝑇𝑇_𝑎𝑎𝑏𝑏𝑎𝑎𝑏𝑏𝑎𝑎 − 16.71𝑉𝑉. 𝑁𝑁𝑆𝑆𝑏𝑏𝑛𝑛𝑏𝑏𝑆𝑆𝑛𝑛𝑛𝑛 − 𝑁𝑁𝑆𝑆𝑛𝑛𝑏𝑏𝑆𝑆𝑛𝑛𝑛𝑛 =
2.87 × 1012𝑐𝑐𝑁𝑁−2. 
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For the PDPP-DTT sensor, 𝑉𝑉𝑇𝑇𝑇𝑇_𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏 = 18.74𝑉𝑉 𝑉𝑉𝑇𝑇𝑇𝑇_𝑎𝑎𝑏𝑏𝑎𝑎𝑏𝑏𝑎𝑎 = −35.46𝑉𝑉. 𝑁𝑁𝑆𝑆𝑏𝑏𝑛𝑛𝑏𝑏𝑆𝑆𝑛𝑛𝑛𝑛 − 𝑁𝑁𝑆𝑆𝑛𝑛𝑏𝑏𝑆𝑆𝑛𝑛𝑛𝑛 =
3.92 × 1012𝑐𝑐𝑁𝑁−2. 
73ppm PUT vapor was prepared with 8.5mL saturated PUT vapor diluted in 500mL air. At RTP 




= 0.003066 𝑁𝑁𝑟𝑟𝑁𝑁 
5-3 









With 6mL 73ppm PUT vapor injection: 
𝑟𝑟𝑃𝑃𝑃𝑃𝑇𝑇73𝑝𝑝𝑝𝑝𝑝𝑝 =





≈ 1 × 10−8 𝑁𝑁𝑁𝑁𝑁𝑁 
5-5 
𝑁𝑁𝑃𝑃𝑃𝑃𝑇𝑇73𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑟𝑟𝑃𝑃𝑃𝑃𝑇𝑇73𝑝𝑝𝑝𝑝𝑝𝑝 ×𝑁𝑁𝐴𝐴 = 1 × 10
−8 × 6.022 × 1023 ≈ 8 × 1015 
5-6 
There are 2 nitrogen atoms on each PUT molecule. Thus, the number of electron lone pairs in 6mL 
73ppm PUT vapor is:  
𝑁𝑁𝑙𝑙𝑏𝑏𝑙𝑙𝑏𝑏 𝑝𝑝𝑎𝑎𝑖𝑖𝑎𝑎𝑠𝑠 (𝑃𝑃𝑃𝑃𝑇𝑇73𝑝𝑝𝑝𝑝𝑝𝑝) = 2 × 8 × 10
15 = 1.6 × 1016 
5-7 
The average ∆Ns for PDPP-T, PDQT-20 and PDPP-DTT was: 
1
3
(2.16 × 1012𝑐𝑐𝑁𝑁−2 + 2.87 × 1012𝑐𝑐𝑁𝑁−2 + 3.92 × 1012𝑐𝑐𝑁𝑁−2) = 2.98 × 1012𝑐𝑐𝑁𝑁−2 
5-8 
For the tested device with W=15,800μm and L=30μm, the average decreased charge carriers had the 
number of: 
2.9847 × 1012𝑐𝑐𝑁𝑁−2 × 15,800 × 30 × 10−12𝑐𝑐𝑁𝑁2 = 1.4147 × 106 
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The calculation above indicated that with 73ppm PUT introduced, three types of DPP-sensors showed 
a decrease of charge carriers at the interface of polymer-dielectric layer with ~106. Based on the 
experimental results of PUT sensing with DPP-sensors, such PUT vapor concentration was the 
highest concentration that could be responded with electrical responses of the sensor. That means 
with ~8×1015 PUT molecules introduced, only ~106 of them diffused into the polymer film and 
caused the maximum response of the sensor. A higher concentration of PUT vapor injection would 
introduce more PUT molecules, but still around ~106 could be reflected as IDS decrease.  
 The responding curves of these three types of DPP-sensors (PDPP-T, PDQT-20 and PDPP-DTT) 
showed a similar trend of current responses towards the increasing concentrations of PUT vapor 
exposure (Figure 5-11). Upon lower concentrations of PUT exposure, the IDS responses of the sensor 
grew slowly with increasing concentrations of the injected PUT. Then upon 40~60ppm PUT vapor 
exposure, a rapid increase could be observed with the response curve. Finally, the increase of the 
response curve slowed down when the concentration of the PUT vapor got near at 73ppm. A possible 
illustration can be used to explain this phenomenon as shown below (Figure 5-21).  
 
Figure 5-21 Illustration of the charge transport at the interface of polymer/dielectric layer in the 
sensor being blocked by the injected PUT molecules.  
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In addition to the increased PUT molecules at the interface of semiconductor/dielectric layers who 
would block charge carriers to flow, the slowdown of the response curve upon the highest 
concentrations of PUT vapor exposure could also be related with the increase of the polymer layer 
thickness by absorbing PUT vapor. A thicker polymer layer would lead to a harder diffusion of the 
gaseous analytes into the semiconductor, and would further lower the sensitivity of the sensor[112], 
[140]. The layer thicknesses of PDQT-20 films were examined by AFM. A slight increase of layer 
thickness was observed with the PDQT-20 film after PUT exposure (Figure 5-22). It has been proved 
that with a thicker layer of the semiconductor, gas analytes with amines would be harder to diffuse 
into the active layer[189].  
The morphology of the PDQT-20 sensors was also examined by AFM, which showed negligible 
difference between the film unexposed to PUT and the one with PUT exposure (Figure 5-22). The 
crystallinity of the polymer films of DPP-sensors has been studied with reflection XRD (Figure 5-23). 
The d-spacing of both films with or without exposure to PUT vapor were calculated by Bragg’s Law 
with the same value of 1.99nm. Combined with XRD patterns for the PDQT-20 sensors by exposure 
upon other analytes (Figure 5-24), it showed that all gaseous analytes exposure would cause the 
PDQT-20 film to become amorphous to some degree. Yet the IDS responses caused by different 
analytes showed big difference between PUT and the other non-amine analytes. This indicated that 
the crystallinity changes of the PDQT-20 films to different gaseous analytes would not induce much 
IDS responses. Such crystallinity changes may be partly due to moisture adsorption during vapors 
injection, since wet air exposure caused a similar change to some extent as shown in XRD patterns 
below (Figure 5-24). Together with the mobility dropping and VTH negatively shifting, the sensing of 
PUT vapor with DPP-polymer sensors was demonstrated by the trapping effect with lone pair of 
electrons within the PUT molecules. As a detection application on amine sensing, DPP-sensors 





Figure 5-22 AFM images of: PDQT-20 sensor without gas exposure (left). Layer thickness=29nm. 
Rq=0.5nm. PDQT-20 sensor with gas exposure (right). Layer thickness=30nm. Rq=0.7nm. 
 
Figure 5-23 XRD diffractogram of PDQT-20 sensor with/without PUT vapor exposure. 
 




In this chapter, a series of p-type DPP-based polymers were presented as semiconductors in OTFT-
sensors to detect PUT vapor. OTFT performance of this range of polymers showed an increasing of 
mobility with longer donor unit. The PDPP-T, PDQT-20 and PDPP-DTT sensors which shared 
similar properties, gave similarly sensitivity for PUT vapor detection. The evaluation of DPP-sensors 
was conducted by their stability, response and recovery time, sensitivity and selectivity. Compared 
with the other employed polymers either p-type or n-type, this series of DPP-sensors exhibited quite 
high operational stability in ambient conditions and long-term air stability, especially with PDQTs 
and PDPP-DTT. Responses with all DPP-sensors showed instant responding towards PUT vapor 
exposure by less than 2 seconds on average. In addition, all DPP-polymer sensors presented good 
recovery ability as well as reproducibility for PUT sensing. 
For sensors, sensitivity is always most concerned. DPP-sensors here all exhibited sensing ability 
towards our main stimulus PUT with different detection limits. Except for PDBT-sensor with a much 
lower sensitivity, PDPP-T, PDQT-20 and PDPP-DTT sensors all showed quite good sensitivity. Their 
sensitivity was evaluated with a very similar tendency of responses upon the increasing 
concentrations of PUT vapor to exposure. Limits of PUT vapor detection were achieved at ppm-level 
on average for PDPP-T, PDQT-20 and PDPP-DTT sensors, and even reached ppb-level with some 
PDPP-T and PDQT-20 sensors. For detecting spoilage in food products, DPP-sensors were expected 
to discriminate PUT from the other analytes. Selectivity of the DPP-polymer sensors thus was tested 
by exposing the sensor towards four non-amine analytes (acetone, ethanol, chloroform and toluene) 
that could be possibly emitted by food products. With single vapor exposure, our sensors showed 
responses all negligibly comparing with exposing to PUT vapor at the same concentration. Similar 
responses were observed among three DPP-sensors towards the mixture of four non-amine analytes 
with only small responses. While nearly 100% was reached with their responses when exposing to the 
mixture including PUT. Food spoilage detection was performed using both vegetable and meat 
samples. PDPP-T, PDQT-20 and PDPP-DTT sensors all responded to the food samples that were 
stored at RT and in the fridge.  
Since the detection of gaseous analytes with OTFT sensors can be realize by electrical parameters 
changes, or morphology/crystallinity varying. Mechanism of sensing properties with DPP-sensors 
towards PUT vapor therefore was studied by IV characterization, IDS vs. Time measurement and 
AFM/XRD tests. The morphology/crystallinity changes with the DPP-films by PUT exposure showed 
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no correlations with their sensitivity to PUT, since similar changes of morphology/crystallinity were 
also observed with other non-amine analytes exposure but the electrical responses with DPP-sensors 
to these non-amine analytes were much lower than that to PUT. Upon PUT vapor exposure, DPP-
sensors showed decreases with IDS and mobility, along with a VTH negative shift, which indicated that 
charge transport in the active channel was weakened by PUT exposure. It showed that with DPP-
polymer sensors to detect PUT, electron lone pairs in PUT molecules could act as electron donors to 
trap charge carriers in the sensor. DPP-OTFT sensors showed great promise for detecting PUT vapor. 






Summary and Prospect 
6.1 Summary 
OTFT-based sensors for PUT vapor detection were presented and studied for future applications. 
Currently, sensing with OTFTs is still at laboratory research level, with challenges to find suitable 
semiconductors and fabricate sensors with ideal sensitivity and repeatable responses. Putrescine as a 
foul-smelling amine that could be emitted by decayed foods, gained our attention as a primary 
stimulus to test our OTFT-sensors. A great deal of polymers that synthesized by our group were used 
as semiconductors to manufacture OTFT-sensors for PUT vapor detection. 
A gas sensing system was presented in Chapter 3 based on the principles of PUT detection with 
OTFT sensors. Device fabrication with standard procedures was conducted with BGBC transistors. 
Further preparation and optimization of OTFT devices were also proposed before applying into 
sensors. The operation of OTFT-sensors contained several aspects regarding devices characterization 
and gas sensing. A gas sensing system was established with a standard gas dilution process and a gas 
injection procedure. Other characterization methods were used to investigate morphology and 
crystallography of the sensors by AFM and XRD tests. Evaluation of the OTFT-sensors with regard 
to sensitivity, selectivity, response and recovery time and stability was carried out by using μ, VTH 
along with relative responses of the IDS.  
In Chapter 4, p-type and n-type polymers including their commercial representatives with P3HT 
and N2200 were screened as sensing semiconductors in PUT OTFT-sensors. Polymers for sensing 
were compared by their structures with various building blocks, energy levels, and mobilities. 
Stability of different OTFT-sensors was evaluated by their operational stability and air stability. Real-
time detection of PUT vapor was carried out in air for all OTFT-sensors. With P3HT as sensing 
material, P3HT sensors showed a limit of detection for PUT with 12.9ppm, which was higher than the 
detection limit upon ammonia with 0.1ppm by Tiwari et al.[184]. The reason for the poorer sensitivity 
towards PUT compared with NH3 by using P3HT as sensing material could be related to the 
molecular size difference between PUT and NH3. Based on the study by Liao et al. in 2010[189], a 
framework to discriminate amines among mixture with different factors was presented. It was proven 
that with a larger molecular size, an amine analyte would be harder to diffuse into the interface of 
semiconductor/dielectric layers. Except for P3HT, some other polymers such as PFTPDO-BT and 
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N2200 also exhibited the ability of PUT vapor detection in OTFT-sensors. Particularly, polymers 
based on 1,4-DPP building block were found with promising potential as PUT vapor detectors in 
OTFT-sensors. 
DPP-polymers with donor units of thiophene and its derivatives were presented in Chapter 5 as 
sensing materials in OTFT-sensors. With comparable structures, PDBT, PDPP-T, PDQT-20, PDQT-
26 and PDPP-DTT were compared for PUT vapor detection. As the preliminary factor of gas sensing, 
stability of these DPP-sensors was quite good under ambient conditions in both operational way and 
long-term keeping. PUT vapor detection was achieved with all DPP-sensors and showed quick 
responses within 2 seconds. Repeatable tests with DPP-sensors were realized by recovery methods of 
putting in air or reheating in the glovebox. Sensitivity of the DPP-sensors was achieved at ppm levels 
for PUT detection with PDPP-T, PDQT-20 and PDPP-DTT sensors, and even reached sub-ppb level 
with few PDPP-T and PDQT-20 devices. Except for PDBT-sensor, all DPP-sensors exhibited steady 
IDS curves with low noise levels. Four non-amine analytes were tested as disturbing stimuli to 
evaluate the selectivity of DPP-sensors, which included acetone, ethanol, chloroform and toluene. 
Single analyte exposure as well as stimuli mixture exposure (with or without PUT) were tested with 
PDPP-T, PDQT-20 and PDPP-DTT sensors. By exposing to single analyte of non-amine stimuli, all 
three DPP-sensors responded with rather small signal changes. The exposure of their mixture saw a 
slightly more significant response, but still much lower than the response to single PUT vapor 
exposure or the mixture exposure with PUT in. Food samples of peas, fish and chicken stored at RT 
and at 5°C for 24hrs and 3 days then were used to expose to PDPP-T, PDQT-20 and PDPP-DTT 
sensors. Spoilage detection for these food samples was realized with all three DPP-sensors with 
significant responses. Mechanism of DPP-sensors to detect PUT vapor was presented by analyzing μ, 
VTH, IDS changes, along with morphology and crystallinity changes. It demonstrated that the charge 
transport within the semiconductor layer and at the interface of semiconductor/dielectric layers was 
effected by PUT exposure. Lone pairs of electrons in PUT were speculated as electron donors to 
decrease the IDS of the DPP-sensors, and increase the IDS of the n-type polymer sensors. Upon PUT 
vapor exposure, DPP-sensors showed decreases with IDS and mobility and negative shifts in VTH, 
which indicated that charge transport in the active channel was weakened by this trapping effect with 
PUT exposure. 
In this study, we demonstrated a straightforward design of PUT sensing system with polymer-
OTFT sensors. DPP-based polymers exceeded all the polymer-semiconductors to become the best 
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candidates for PUT vapor sensing. Reproducible detection was realized by these DPP-sensors owing 
to their stability and recovery ability. Sensitivity and selectivity of the DPP-sensors showed great 
promise as well. PDPP-T, PDQT-20 and PDPP-DTT sensors even succeeded in detecting spoilage 
from food samples stored at RT and in the fridge for 1 day and 3 days.  
In conclusion, we established a simple gas sensing system using BGBC OTFT-based sensors which 
could detect PUT vapor exposure by real-time current measurement. Several air stable polymers have 
achieved current responses towards different concentrations of PUT exposure with short response 
time. Repeatable responses were realized with P3HT, PFTPDO-BT, N2200, PDPP-T, PDQT and 
PDPP-DTT OTFT-sensors. As the best candidates, DPP-based polymers showed ideal air stability 
and promising sensitivity with reproducible detection by easy recovery methods. Such DPP-based 
polymers also showed a good selectivity with PUT and 4 non-amine analytes. Food emitted vapors 
were detected by PDPP-T, PDQT and PDPP-DTT OTFT-sensors with significant responses, which 
showed great potential for the DPP-sensors to detect PUT from real food spoilage. Mechanism of the 
PUT sensing with DPP-sensors were studied by analyzing IV characteristics, morphology of the 
sensing film and crystallinity of the sensor. With current signal dropping, mobility decrease and 
negatively shifted VTH, we speculated the driving force of PUT vapor sensing with DPP-sensors was 
the trapping effect that caused by the diffused lone pairs of electrons on PUT molecules. By diffusion, 
PUT molecules could be adsorbed into the semiconductor layer, further to trap the charges at the 
interface of the semiconductor/insulator. The adsorption of the PUT vapor would also lead to a slight 
increase of the layer thickness of the semiconductor layer, which would result in a harder diffusion 
for more PUT molecules to be adsorbed. For realizing food spoilage detection, thinner layer of the 
semiconductor can be used to allow better sensitivity with even faster response. More interfering 
analytes with both non-amine and amine vapors that could be emitted by decayed food can be tested 
for further investigation on the selectivity of DPP-based OTFT sensors.  
6.2 Future Outlook 
Future steps can be set on gas sensing with OTFT devices in the following aspects: 
1. Further improvements of stability, sensitivity and selectivity can be realized by finding 
more suitable polymers with good performance in air.  
2. For DPP-sensors, further optimization can be made with quality improvements on polymer 
synthesis and device manufacturing. More accurate correlations between relative responses 
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of the sensors and PUT vapor concentrations can be built based on such optimization and 
quality control with the sensors. Gas chromatography–mass spectrometry (GC-MS) 
analysis can be used to validate the exposed PUT vapor concentrations. 
3. The exact concentrations of PUT in food spoilage vapors can be identified with GC-MS 
analysis. OTFT-sensors then can be featured to detect the concentrations of PUT vapors 
emitted by food with ideal accuracy.  
4. Battery-powered OTFT-sensors with small sizes can be made using dielectric materials 
with high dielectric constant and with thinner layer-thickness. Such OTFT-based gas 
sensors can be designed into smart tags on the food packages to realize real-time, in-situ 
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Characteristics of OTFT-sensors 
Table 10 IV characteristics of P3HT sensors with small devices and large devices. 
P3HT 
Mobility 
(cm2 V-1 s-1) 
VTH (V) ION/OFF 
Small 7.40E-5 69.71 10 
Large 5.80E-4 -18.94 104 
 
Figure 6-1 IV characteristics of the best performed P3HT-sensor: output characteristic (left) and 
transfer characteristic (right). 
 
Figure 6-2 XRD diagram of a 60°C annealed P3HT-sensor (large). 
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Ar 0.00178 0.00264 -45.22 -41.98 
Air 0.00087 0.00167 -53.63 -47.93 
150°C 
Ar 0.00430 0.00584 -43.69 -38.42 
Air 0.00387 0.00537 -50.57 -48.26 
200°C 
Ar 0.00213 0.00299 -64.87 -62.55 
Air 0.00532 0.01252 -57.22 -53.78 
250°C 
Ar 1.79E-05 3.69E-05 -62.94 -52.54 
Air 0.01868 0.02176 -47.42 -43.90 
275°C 
Ar - - - - 
Air 0.00379 0.00600 -55.80 -53.72 
 
 
Figure 6-3 IV characteristics of the best performed PFTPDO-BT sensor: output characteristic (left) 












VTH (Ave) VTH (Min) 
150°C 
Ar 6.35E-4 8.80E-4 -49.08 -47.15 
Air 1.02E-3 1.12E-3 -33.61 -31.18 
200°C Air 1.26E-3 1.50E-3 -31.37 -28.14 
250°C Air 3.11E-4 4.46E-4 -38.98 -35.39 
 
Figure 6-4 AFM image of the PFTPDO-BT sensor with chloroform dissolved polymer film annealed 
at 250°C. 
Table 13 OTFT performance of PTzDBT-T sensors (with different devices) in different conditions. 
PTzDBT-T Temperature 
(°C) 
Mobility VTH ION/OFF 
Large 
(Ar) 
100 1.95E-5 -71.14 10 
150 E-7 - 10 
Small 
(Ar) 
RT 3.43E-5 -70.10 103 
50 3.07E-5 -69.80 103 
100 7.82E-5 -64.03 103 
150 1.51E-4 -66.31 103 
200 9.92E-5 -62.07 104 
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Small (Air) 150 1.56E-5 -63.54 102 
Table 14 OTFT performance of PTzDBT-BT sensors (with different devices) of newly made ones 
and the ones with 1-week storage in air. 
PTzDBT-BT Time Mobility VTH ION/OFF 
Small 
Newly 0.03 -29.09 105 
1 week 0.0024 -56.38 104 
Large 
Newly 0.134 -29.39 105 
1 week 0.033 -30.28 106 





Mobility VTH ION/OFF 
Large 
(Ar) 
RT 1.78E-4 -24.86 103 
50 2.52E-4 -23.47 103 
100 3.27E-4 -22.00 103 
150 2.79E-4 -26.81 103 
Table 16 IV characteristics of PDPPDBT-BT and PDPPDBF-BT sensors. 











4.21E-3 -11.84 4.04E-3 -20.24 
(4.47E-3) (-11.24) (5.16E-3) (-18.19) 
PDPPDBF-BT 
4.79E-4 -48.13 7.42E-5 -86.18 
(6.52E-4) (-43.19) (1.66E-4) (-58.55) 
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Table 17 IV characteristics of PID-BT, PIDG-T and PIDG-BT sensors in air. 
Device Mobility (cm2 V-1 s-1) VTH (V) ION/OFF 
PID-BT 1.19E-4 -74.21 103 
PIDG-T 1.28E-4 -80.96 104 
PIDG-BT 1.58E-3 -59.88 104 
 
 
Figure 6-5 PIDG-BT sensors exposed towards PUT vapor and ethanol vapor. 


















1-week 0.000449/0.000384 60.27% 69.91 105 




1-week 0.000738/0.000618 91.45% 63.50 105 
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1-week 0.000615/0.000560 97.62% 61.48 105 




1-week 0.000816/0.000612 83.01% 52.79 104 




1-week 0.000552/0.000461 96.67% 53.93 104 
Table 19 IV characteristics of IBDF-polymer sensors 











0.104 18.36 0.017 26.59 
(0.107) (17.76) (0.024) (19.74) 
P2 
0.040 9.42 0.003 52.22 
(0.043) (8.31) (0.015) (29.52) 
P3 
0.029 26.76 0.002 37.46 
(0.058) (24.33) (0.003) (34.26) 
P4 
0.166 33.22 0.008 44.45 
(0.191) (31.90) (0.011) (38.61) 
P5 
0.123 29.89 0.005 50.24 
(0.130) (25.00) (0.007) (46.45) 
P6 0.135 45.39 0.001 49.42 
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(0.175) (42.76) (0.002) (45.12) 











RT 0.0143 -30.66 102 4.05E-3 54.68 10 
50 0.0149 -28.96 102 3.44E-3 53.48 102 
100 0.0150 -16.70 102 3.97E-3 49.11 102 
150 0.0149 -22.84 102 4.47E-3 43.24 102 
200 0.0144 -45.41 102 5.73E-3 37.71 102 
250 0.0062 -57.91 103 4.97E-3 42.46 102 
Table 21 IV characteristics of IDTO-polymer sensors. 
 
Ar(Ave/Max) Air(Ave/Max) 










































1 week air 0.001355 0.019548 
Table 22 IV characteristics of PzDP-polymer sensors. 
 
Electron Mobility 
(cm2 V-1 s-1) 
VTH 
(V) 
PPzDPDP-T 3.2E-3 3.52 
PPzDPDP-BT 2.3E-4 -13.41 
 
Figure 6-6 PUT vapor exposure with PzDP-polymer sensors. 










1,000rpm 0.0022/0.0018 -13.56 103 










100°C 0.17/0.14 13.57 105 
150°C 0.12/0.07 10.64 107 
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Temperature Spinning Speed Mobility(Ave/Max) 
5 mg/mL 150C 2,500rpm 0.119/0.177 
5 mg/mL 150C 3,000rpm 0.125/0.138 
5 mg/mL 150C 4,000rpm 0.013/0.055 
10 mg/mL 150C 2,500rpm 0.175/0.188 
10 mg/mL 150C 3,000rpm 0.253/0.276 
10 mg/mL 150C 4,000rpm 0.100/0.146 
5 mg/mL 200C 2,500rpm 0.022/0.042 
5 mg/mL 200C 3,000rpm 0.020/0.044 
5 mg/mL 200C 4,000rpm 0.001/0.002 
Table 25 OTFT performance of PDQT-20 sensors under different conditions. 







Argon(Ave/Max) Dry Air(Ave/Max) 
0.31(0.36) 0.24(0.27) 
Table 26 IV characteristics of PDPP-DTT sensors. 
PDPP-DTT Annealing Temperature Mobility Vth Ion/off 
Glovebox 
100°C 0.189 4.82 102 
150°C 0.20 -0.48 102 
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200°C 0.185 -8.38 102 
 
Table 27 OTFT performance of PDPP-DTT sensors under different conditions. 
 
Condition Mobility Vth Ion/off 
PDPP-DTT 
Ar 0.25 1.85 102 
Air 0.23 26.33 105 
After PUT 





Figure 6-7 IDS vs Time measurements with different voltages for PDQT-20 (small) devices. 
Table 28 PDQT-20 sensors stability with small and large devices. 
Device Air Storage Time 
Hole Mobility 









Newly made 0.25 26.11 104 
2-week 0.22 22.90 104 
1-month 0.26 19.71 105 
PDQT-20 
(Large) 
Newly made 0.192 -2.87 102 
2-week 0.116 17.57 107 
1-month 0.092 1.49 106 









Original 0.279(0.290) 0.833(1.00) 
1-week - 0.435(0.569) 
2-week 0.422(0.445) 0.517(0.579) 
1-month  0.390(0.511) 
PDQT-26 
(Small) 
Original 0.28(0.29) 0.23(0.24) 
2-week - 0.32(0.40) 
3-week - 0.31(0.36) 
1-month - 0.42(0.48) 
2-month - 0.19 
 






Figure 6-9 Selectivity tests on DPP-sensors towards the mixture (73ppm) of ACTN, ETOH, CHL 
and TOL (“no PUT”); and the mixture (73ppm) of ACTN, ETOH, CHL, TOL and PUT (“with PUT”)
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